Synthetic Eu-anorthite of the alkali feldspar structure type has been refined to Rw = 4.7% using Plagioclase and melilite generally show a positive Eu anomaly. A fair insight into the driving force of this anomaly can be afforded by the crystallo-chemical affinities of Euz+ and Eu3+ cations to the crystal structures of their host minerals; (1) ioinic radius, (2) electrostatic charge balance and (3) tolerance for non-stoichiometry of the crystal structure.
Introduction
KNOWLEDGE of the behaviour of Eu in minerals at high temperatures and pressures is essential to an understanding of deep crustal, upper mantle and meteorite petrology. There are two valence states in the Eu atom-Eu2+ and Eu3+. The geochemical coherence of Eu and Sr is widely recognized in minerals (Henderson, 1983) ; particular! y , under reducing conditions, Eu in the divalent state tends to act like sr2+ and has a greater preference for the larger cation site in plagioclase (Smith, 1983) . A similar behaviour for Eu in the melilite structure has been recognized; syntheses of gehlenite-type phases have been made for SrzAlzSi07 (Kimata, 1984) and EUzAlzSi07 (Kimata, unpublished) . Moreover, the trivalent Eu cation also is able to occupy the crystal structures of feldspar and me Iilite (Bettermann and Liebau, 1976; Ismatov and Gulyamov, 1976) , which may help to explain the positive Eu anomaly in silicate minerals. This paper presents a crystal structure refinement made on the non-stoichiometric Eu feldspar with the chemical composition of EUo.92AI1.76 Siz.z40s' Comments are also made on the significance of non-stoichiometric feldspars in explaining the positive Eu anomaly.
Experimental
The single crystal Eu-anorthite used in this investigation was first studied by Iwasaki and Kimizuka (1978) . It was synthesized from a melt with the silica-excess composition; SiOz:Alz 03:Euz03 = 5:2:1. The basis ofthefeldspar structure is a framework of linked tetrahedral Si04 and Al04groups; consequently defects in the tetrahedral sites result in a failure to form the feldspar structure (Smith, 1983) . However if the Al/si molar ratio of the growing crystal is equivalent to that of the starting material, the resultant fe-ldspar will be of the structure formula; EUo.s90o.11AI1.7sSiz.zzOs' Unfortunately, electron microprobe analyses could not be performed on this synthetic sample, because Eu could not be determined, due to the absence of a suitable standard. Thus the chemical composition of the bulk crystals was deduced from the wet chemical technique of ICPA (Inductively Coupled Plasma Analysis, with a Jarrel-Ash Model 975). The chemical formula was determined as EUo.84Do.16AI1.747 Si2.2530g, which indicates that there are some detectable vacancies in the Eu site.
Single-crystal precession photographs of the Eu-feldspar confirmed the space group C2lm, common to other monoclinic feldspars. Only 'a' (h + k even, I even or odd)-type reflections were observed in the photographs and (h + k odd, I even or odd)-types ones were not detected. The generator used was a rotaflex Rigaku RU-200 with Mo-Ka radiation (50kV, 160mA).
A single crystal showing sharp optical extinction was selected for the intensity measurement and mounted on a Rigaku automated four-circle diffractometer, with a rotaflex RU-200 generator equipped with a Mo-target X-ray cap and highly oriented graphite crystal monochromator mounted with equatorial geometry. A scintillation counter was used to collect the X-ray diffraction data and the diffractometer was controlled by a Panafacom U-lOO computer. Least-squares refinement of 15 reflections collected on the diffractometer produced the monoclinically constrained cell dimensions. All relevant crystal data are presented in Table 1 . A set of intensity data was collected in the 0-20w scan mode. Three standard reflections were monitored every 50 measurements to check for stability and constancy of crystal alignment. A total of 2274 relections was measured out to a maximum 20 of 90°. The data were corrected for background, Lorentz and polarization effects. The crystal was then remoulded to the shape of a sphere, and the absorption correction made by the ACACA program (Wuensch and Prewitt, 1965) . Structure factors with Fobs< 3aFwere not considered, leaving a data set of 2069 observations. These data were reduced to structure factors in the conventional manner.
Refinement
Full matrix, least-squares refinement was carried out using the program RFINE (Finger and Prince, 1975) . Scattering curves for neutral atoms were taken from Doyle and Turner (1968) . Corrections for anomalous dispersion were taken from the International Tables for X-ray Crystallography (1974, pp.99, 149) . Refinement was initiated using the positional parameters of Grundy and Ito (1974) with 8-coordinated sites presumed to be fully occupied by Eu, with the tetrahedral sites by !AI and !Si and with isotropic temperature factors of 1.0 for Eu, !(AI + Si) and°r espectively. Refinement of the positional parameters and isotropic temperature factors converged with a conventional R-factor. Next, anisotropic temperature factors were introduced into the R-convergence process. The final refinement, including all coordinates, anisotropic temperature factors and Eu site population without constraining the total chemistry, rapidly converged to produce a model with R = 0.047 (Rw = 0.053). A difference synthesis ensures that no significant features have been missed. Positional parameters, temperature factors, and interatomic distances and angles are listed in Tables 2-5.
Discussion
The crystal structure of Eu-anorthite is illustrated in Fig. 1 . This synthetic europium feldspar, belonging to a group of monoclinic C21m feldspars with c = 7 A, is crystallo-chemically analogous to a defect strontium feldspar, synthetic Sro.84Nao.03Do.13AI1.7Si2.30g analysed by Grundy and Ito (1974) . The Al content of each tetrahedral site was calculated from the mean T-O bond length using the equations of Jones (1968) , Ribbe and Gibbs (1969) , and Kroll and Ribbe (1983) . Moreover, a further estimate of the Al content may be obtained from the bond strength calculation (Brown, 1981) . As shown in Table 6 , the Table  5 . Tetrahedral interatomic angles (0). Table 6 . Occupancies of T(l) and T(2) tetrahedra 1. Ribbe and Gibbs (1969) 2. Jones (1968) 3. Kroll and Ribbe (1983) 1. -3. Calculations from mean T-O distance. 4. Calculations from bond-strength (Brown, 1981 Brown's method (1981) . Summation of the bond strength in the M-site gives 1.862, which corresponds to a content of 0.931 Eu. This is almost identical to the Eu atom occupancy (0.92) obtained by the final refinement. There is a slight difference between the amount of Eu determined by wet chemical analysis and that obtained by the occupancy refinement. This is thought to be due to the difference in chemical composition between the single and bulk crystals. As noted above, the bulk crystals are shown to be poorer in Eu than the refined crystals, whereas the contents of Al and Si atoms in these two structural formulae are in agreement with each other. The refined structural formula is then electrostatically balanced within the limits of the standard deviation. Natural and synthetic non-stoichiometric anorthites Cal-zAlz-zzSi2+zz0s (Z~0.15) have been reviewed (Smith, 1983) . It is reasonable to conclude that this Eu-anorthite is of a non-stoichiometric type, having Eu defects and a partially disordered AI/Si distribution.
The equivalent isotropic temperature factors of the tetrahedral sites (Table 2) are reasonably close to those in high albite with a disordered AI/Si state (Ribbe et ai., 1969) . This effect can be ascribed in part to the AI/Si disorder in both the T(l) and T(2) sites of the present Eu-feldspar. The direction of greatest expansion of the thermal ellipsoid axis for the Eu cation in this monoclinic Eu-feldspar almost coincides with the crystallographic c-axis (Table 7) , regardless of symmetry, which is inconsistent with that direction for M cations in stoichiometric monoclinic alkali feldspars (Smith, 1974) . As found in a defect Sr-feldspar (Grundy and Ito, 1974) , the greatest expansion of the thermal ellipsoid c-axis in the alkali cation is characteristic of a non-stoichiometric monoclinic alkali feldspar. Table 8 shows T-O distances and tetrahedral distortion in feldspars of the monoclinic c = 7 A type. In all these feldspars Al and Si are found to be partially disordered over the tetrahedral sites. As pointed out by Smith (1974) , Rb-feldspar has the lowest distortion of all feldspars. This table shows that the distortion tends to be greater for AI-than Si-bearing tetrahedra and to be greater for T(l) than T(2) tetrahedra, and highlighting the fact that the present Eu-anorthite has the greatest distortion. Defects on the M-site in two non-stoichiometric Sr-and Eu-feldspars proved to be one of factors increasing the tetrahedral distortion.
The present Eu-anorthite, which is apparently a solid solution of the 'excess silica', DSi40s, is similar to several crystalline solution types. by Zoltai and Buerger (1959) and quantified by Megaw (1970) , consistent with the idea of silica solid solution is the fact that the alumino silicate feldspar framework structure is polytypic to the structure of coesite, one ofthe high-pressure polymorphs of SiOz. The present Eu-anorthite is iden- tified as the solid solution between feldspar and minor amounts of coesite. The mechanism of these crystalline solutions can be accounted for by the charge coupled substitution; Eu2+ + 2A13+ = D + 2Si4+, and so we may safely say that the vacant cation sites are present in the silica-rich domain of this feldspar. In spite of non-stoichiometry, furthermore, neutrality to the electrostatic valence is generally realized in natural feldspars (Smith, 1983) . The present study of Eu-feldspar indicates that the reducing environment at a high temperature can yield the non-stoichiometric feldspar and that a persilicic parental melt is prerequisite to the genesis of Si-rich non-stoichiometric feldspar.
Factors affecting an Eu-positive anomaly
The causes of the variations in REE distributions in minerals have been debated for a number of years. Semenov (1957 Semenov ( , 1958 suggested that the crystal structure of the mineral plays the predominant role in admitting particular REE ions. On the other hand Neumann et ai. (1966) have shown NON-STOICHIOMETRIC ED-ANORTHITE that both processes operate and give the factors controlling the REE distributions in minerals as (a) the availability of elements of suitable ionic radius, and (b) the appropriate bonding forces, charge, and optimum ionic radius for the given structural position. Eu appears to be the only rare earth element that will reduce to the divalent state in nature, and the feldspar structure is postulated to be such that Euz+ is readily accepted, resulting in excess Eu in the mineral relative to the REE of adjacent atomic number and a disruption of the straightforward pattern of REE fractionation in igneous rocks in which it occurs (Henderson, 1983) . This excess state is called a positive Euanomaly. Feldspars and melilites invariably reveal a pronounced positive europium anomaly (Nagasawa et aI., 1977) . The present Eu-phase is a trace feldspar endmember.
The feldspar tolerating significant amounts of a trivalent cation on the non-tetrahedral M-position was synthetically demonstrated as a lanthanum-ca1cium-sodium alumosilicate Lax. Cag_2xNaAAI16SiI6064] which is a stoichiometric type (Bettermann and Liebau, 1976) . Inasmuch as the ionic radius of Eu3+, 1.066 A, is very similar to that of La3+ , 1.16 A, (Shannon, 1976) , this suggests that feldspars can be also acceptors of minor amounts of Eu3+. The presence of Eu3+ yields a solid solution consisting of the component with a vacant site:
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= xEuItAlz.oSiz.oOg + (1 -x)EU6~00.5AIL5Siz.50g(0:::';x:::,;1).
The latter end-member is however structurally unstable owing to an excess of M-site vacancies; therefore values of x close to 1 favour a stable Eu-bearing feldspar. A structural preference for the Eu2+ AlzSizOg end-member is essential for a positive Eu anomaly in feldspar. Recent work on the crystal structure of melilites has shown the importance of both local bondvalence requirements and their relationships to variation in bond length, suggesting that the same mechanism should exert stringent controls on cation ordering (Kimata, 1983) . Its crystal chemistry suggests that it is another receptacle of europium in nature. In studying the site of the Eu3+ cation, pure CaEuAI307 with the melilite structure was synthesized (Ismatov and Gulyamov, 1976) . Synthesis of this Eu3+-aluminate melilite has been confirmed by Kimata (1986, unpublished) . Part of Table 9 shows the bond strengths (Pauling, 1960) in this melilite-type compound. Furthermore, a melilite phase of (Euz+)zAlzSi07 composition has been crystallized 263 under an Hz-flow environment by solid-state reaction at 1400°C for 48hrs (Kimata, unpublished) . This Euz+ -melilite is tetragonal, a = 7.825(2), c = 5.237(2) A, presenting a striking similarity to Sr-gehlenite SrzAlzSi07 with parameters a = 7.820(1), c = 5.264(1) A (Kimata, 1984) . The analogous relationship between ionic radii of Sr and Eu (Shannon, 1976) highlights the fact that natural melilite can also accommodate divalent Eu cations. Therefore a phase with the melilite structure can crystallo-chemically admit both Euz+ and Eu3+ cations. Non-stoichiometry in the melilite structure was first described in a sulphide compound LnlO/3Ga6S14(Lozac'h et at., 1972) . This phase exhibits a crystallographic tolerance of 01 { 3 vacancy in the eight-coordinated site. Recent y in blastfurnace slags, melilite crystals over a wide range within the akermanite-gehlenite series proved to be non-stoichiometric, there being a deficiency of Mg and/or Al relative to Si in the structure (Scott et at., 1986) . Non-stoichiometry does not seem to be uncommon in the melilite structure. Thus enhancement of a positive Euanomaly is inherent in melilite phases capable of accommodating Eu2+ and Eu3+ cations concurrently.
It is known that olivine and pyroxene show no positive Eu-anomaly (Henderson, 1983) . A key difference between the olivine and orthopyroxene structures is the valence balance for the oxygens. A structure field map for the A 2BX4 structure constructed by Muller and Roy (1974) suggests that the octahedral A cations in the olivine structure type can range from monovalent to trivalent with radius values ranging from 0.53 A (AI3+)to 1.02A (Na+) (Shannon, 1976) . Inasmuch as the ionic radii of Eu2+ and Eu3+ cations are beyond this range, these cations cannot be accommodated by the olivine structure, although the fact that each oxygen is surrounded by one tetrahedral and three octahedral cations conforms to the formal valence balance in the Pauling sense ( Group, 1976) . Ionic radius is, therefore, now regarded as a major contribution to a negative Eu anomaly in olivine.
In the pyroxene-structure types there are two types of M sites, labelled Ml and M2. The Ml site accommodates divalent, trivalent, and tetravalent cations with ionic radii ranging from 0.53 A (AI) to 0.83 A (Mn), and the radii of cations that occuRY the M2 site range from o.nA (MgVI) to 1.16A (NaVIII) (Brown, 1980) . The ionic radius of Eu2+ is beyond the latter range. These characteristics of M sites throw some light upon the trend that the M2 site is always of the larger size than Ml (Cameron and Papike, 1982) . For the presumed NaEuSi206 of the orthopyroxene type, geometrical constraints in the pyroxene structure leads to the distribution of Na in Ml site and Eu in M2, and the formal electrostatic balance is represented in Table 9 . Remarkable underbonding of the 0(2A) oxygens and over bonding of the 03 will prevent the presumed compounds from existing or being synthesized (Table 9 ). This unbalance limits the ability of EuH to occupy the pyroxene structure.
Reliable information on non-stoichiometry of the pyroxene structure has resulted from the synthesis of clinopyroxenes in the system CaOAl20rSi02 (Gasparik and Lindsley, 1980) . From this, the composition of pyroxenes with vacancies can be extrapolated to the Ca-Eskola end-member Cao.sDo.sAlSi206 (McCormick, 1986) , but because of the larger ionic radii of the substituting cations, incorporation of Eu2+ and Eu3+ cations into this phase is not possible. Therefore the pyroxene structure does not provide a favourable situation for a positive Eu anomaly.
Self-consistency is achieved for the positive Eu anomaly when the Eu2+ and Eu3+ cations match the particular site-potential in the crystal. The present Eu-anorthite is expected to be one of possible receptacles of europium in nature. Therefore it qualifies as a potential REE aluminiosilicate mantle phase present as a trace in feldspar end-members. In conclusion, only minerals capable of accommodating Eu2+ and Eu3+ at crystallographic sites simultaneously exhibit an Eupositive anomaly. We suggest that the key factors which give rise to this anomaly are crystallo-chemical affinities of these cations to the occupying structure; (1) ionic radius, (2) electrostatic charge balance and (3) tolerance for non-stoichiometry of the crystal structure. Strict conformity with the three affinities is clearly a prerequisite for a positive Eu anomaly in a mineral. These factors may also be applicable to understanding Ce-and Ybanomalies (Henderson, 1983) .
